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Two-photon spectroscopy has expanded the scope of studies of excited
states of ions and has also enabled the examination of the validity of con-
ventional theories. In this study, the direct theoretical calculation of the
two-photon intraconfigurational crystal field transitions of 7F6([' 1g) — 5Dy
of Tb®*t in Cs;NaTbClg has been performed, based on third-order pertur-
bation theory including electric dipoles and spin-orbit coupling. The core
4f7(%Sqj2 Ts, I, Is) and 4f7(°Pypo I's, I'r, Is) states coupled with
5d(Is, Is) are taken as the intermediate states. The calculated transi-
tion intensity ratios are in good agreement with the experimental results.
In particular the two-photon transition "Fg(Iig) — (Ig)°Ds is allowed
in third-order perturbation instead of the proposed fourth-order process
by Ceulemans et al. using the Judd-Pooler-Downer model. The inconsis-
tency between the two studies arises from the failure of application of the
Judd-Ofelt closure approximation. The closure approximation does not only
simplify the two-photon calculation but also sacrifices the physical accuracy
by changing the selection rule of the two-photon transition from that of two
electric dipole transitions to that of one electric quadrupole transition.

PACS numbers: 33.80.Wz, 33.20.Kf, 33.70.Fd

1. Introduction

Two-photon spectroscopy has received considerable attention in the last few
decades. The selection rules and angular dependences are substantially different
from those for one-photon transitions [1-5], thereby providing complementary in-
formation for the further investigation of excited states and also allowing examina-
tion of the validity of conventional theories. The group-theoretical selection rules
and polarization characteristics of two-photon transitions were derived by Inoue
and Toyozawa [6] and Bader -and Gold [7]. The two-photon absorption between
same parity 4f™ states can be described by second-order perturbation theory [1].
The initial state couples with the final state by two electric dipole operators via
the opposite parity intermediate levels. For simplicity, it is assumed that the in-
termediate levels belong to the configuration 4f™~15d. Higher-order processes are
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necessary if the second-order contribution is AS # 0, AL, AJ > 2 and/or forbid-
den by symmetry selection rules between crystal field (CF) states. The transition
matrix element based on second-order perturbation theory can be written as [1]:

’ _ {Ityeles - Dix){xlez - DITimi)
Ml‘;'riml’t'rt - ; [ (EX - El'n'i - hw?)

{Tryele2 - DIx){xles - Dlﬂva)] (1)

(Ex = Eryy, — hwn) ’ ‘
where [i) and [f) are the initial and final wave functions. The sum is over all the
intermediate states |x). Aw; and hws are the energies of two photons. ¢ - D is the
scalar product of the polarization vector ¢ of the photon and of the electron dipolar
operator D where

D} = Zr,-C.}, Cr = —\}—5 (ct,-¢C}), ¢y = - (CLi+C}), C.=Ck.(2)

, V2

Axe [8] applied Judd-Ofelt closure approximation [9, 10] to simplify the calculation
by coupling the two electric dipole operators into an effective operator acting
between the same parity initial and final states. Judd and Pooler [11] showed that
spin—-orbit interactions among the intermediate states could account for transitions
between different spin states. Downer et al. [1] demonstrated the importance of
crystal field interaction in which two-photon transitions with AL, AJ < 6 become
allowed. Most previous studies were limited to the Russell-Saunders limit [1,11],
and did not consider transitions between individual CF states.

Recently Denning [12] measured the one-colour two-photon absorption spec-
trum of the "F¢ — 5D, transition of Tb3t+ in the cubic elpasolite lattice. The
intensity of "Fg(I'ig) — (I'g)®Da was observed to be greater than Fg(Ing) —
(I'sg) °D4 by a factor near 14 [12], and the former transition was the strongest
feature in the 7Fs — S5D4 group of bands. Ceulemans et al. [13] followed the
Judd-Pooler-Downer formalism [11,1] by introducing fourth-order contributions
involving both spin-orbit and crystal field interactions to interpret the appear-
ance of the Iy — I'g transition. The general evaluation of the fourth-order
term began with triple closure over intermediate states, which were confined to
4fn—15d! configurations. The two interactions provide an effective transition op-
erator enabling the transition between different spin representations and between
symmetry-forbidden states representations respectively. Such a linkage is thus im-
possible in lower than fourth order, based on the Judd-Pooler-Downer model and
the selection rules are summarised in Table I. In 3rd order spin-orbit (SO) per-
turbation, the operator representation Iz only occurs when AJ = 0, and is due
to the scalar term of the double tensor operator defined by Judd and Pooler [11].

Considering the selection rule for CF states, it is noted that the represen-
tation of electric dipole operator in O, molecular point group is Iy, [5]. The
symmetry-allowed two-photon transitions involve the irreducible representations
contained in the direct product of the operators I'yy @ I'sy, ie. I'g, I'sg, Ig,
I'sg [5]. Hence, the transition between Iy — I for AJ # 0 is allowed even
when the crystal field interaction term is absent. This contradicts the findings of
Ceulemans et al. [13]. In what follows we show that the I'j; — I'g transition can
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TABLE I
Selection rules derived from Judd-Pooler-Downer formalism*.
Order AS | AL | AJ I'(On)
2nd 0 2 2 I3+ I'sg
3rd CF 0 6 6 F3g+F5g+F1-g(AJ=0)
4th SO+CF | 1 6 6 I'g+ I'sg + I'sg

* The transition is allowed between the initial state
[SiLiJi](}) and [SeLsJe](I) in the order of perturbation
stated, when AS, AL and AJ are as indicated, and the
direct product I} ® It is contained in effective operator
representation I'(Oy).

be accounted for by direct calculation using third-order perturbation theory, and
that the calculated transition intensity ratios are comparable with experimental.

2. Direct calculation of two-photon transition of CssNaTbClg

In this section, we will perform the direct calculation of the two-photon
transition from the ground state of the 4/ configuration of Tb3+ in the elpasolite
crystal, "Fg(I") to the excited levels ®D4(I7 and I3) (the parity subscripts are
dropped in the following). Since these transitions violate the AS = 0 selection
rule, the third-order mechanism involving spin—orbit coupling has to be considered.
The transition matrix element between the initial state I'iy; and final state I'tys is
written as [1,11]:

I e1-D V// xle « D\
Mryerin = 3 [( tyeler - D) (uIVIx) (xle2 - DITin)
P

(Ex — Ery, — hws)(Er, — Ey)

4 Title - Dip){ulVIx){(xles -Dll"m)] ' 3)
(Ex — Erm — hwi)(Er, — Ey)
The summation is over all the intermediate states |x) and |z). V is the spin-orbit
coupling operator.
The two-photon transition line strength is given as [5]:

2
SI‘;—*I‘: = Z IMPi'Yi"’Ff'Yfl . (4)
Yirve

For simplicity, the polarization of the photon parallel with the [001] crystal
axis is considered in this calculation. Experimental data concerning 4f75d inter-
mediate states are sparse and we limit our calculation to the lowest/dominant
intermediate levels. These result from the coupling of the core 4f7(857/2 I's, I'7
and Ig) states with 5d states [14, 15]. The CF level separation of the core 857/,
is observed to be negligibly small [16]. The crystal field acting on the d electron is
stronger than the spin-orbit coupling, and the d orbital splits into I's and I's [17],
where Iy is lower than I's by more than 20000 em~1, The orbital I'3 state will
further couple with the spin state I's to give I's. I's will split into I'y and I's after
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the spin—orbit coupling. The separation between I'; and I is about 1200 cm™1!
The wave function of the intermediate state can be written as [18]:

4F7(235 3. Tyogn)5d(Ta T Lava)), ®)

where Iy, I and I'; are the spin, orbital and spin-orbit coupled representation
of the 5d electron, and v4 is a component of the I'q representation. We neglect
the electrostatic interaction between the 4f7 core and the 5d electron, which is of
minor 1mp01tance [18] Transforming the representation I‘er_p of the core state
|4f7(S'LY, Tyi450)) in terms of the JM basis

472" Tryg)) = Y (7 Mys [Ty} | 45725410 2T My, (6)
My,

the 5d representation can be expanded in sm,Im; basis

B nilava)) = ) (LvvsTim|Tava)
Vs, Y1,Mds,Mdl
x(%md,|F573)(2md1|F171)l5d%md,2m41). (7)

The transformation coeflicients of (J'My/|I7:v5:), (—md, [sys) and
(2ma1|T'1y1) can be obtained in Griffith’s [19] or Watanabe’s [20] tables The Wigner
coeflicients (s, 11| Tava) [19,21] result from decoupling the spin—orbit coupled
state I'yyq into spin I'; and orbital I representations. For example, the core states
|4f7(8S7/2 Tem1)) and [4f7(8S7/2 T'sy2)) can be expressed as

7 VT lse 71
>+ 57/2§§>,

2/ V2
% 77> v1 857/2%—%>~ ®)

53) " U5
The four degenerate states of |5d (I'eI’s I'sy)) can be decoupled into

1 V2 4
5d (I'els I = ——|8d I'eyi 5 — 1) — —=|5d I'¢y2 - I50),
|5d (I'sI's I's71)) \/gl 61 ls — 1) \/§| 672 150)

|5d(FGF5 Fg’)’g)) = |5d1"672 Fs - 1), |5d(FsF5 Fs73)) = |5d F671 F51>,

7
8S7/2 3~

457 (3272 o)) = %

|4f7 (872 Te72)) = —%

2 1
\/T;|5d.rs"/1 ['50)—- 7§l5dF672F51), (9)

where —1, 0 and 1 are the labels of the threefold-degenerate I's representation. Con-
sider the second and third degeneracy terms, the |5d I'ys I5—1) and |5d I'syy I's1)
are transformed as

l5d1“6721“5—1)=—'5d1—1 21>,

|5d (Fs['s FS"M)) = -

2 2

11



Fe(I'tg) — (I'g) *Da Two-Photon Transition of TH+ ... 173

Hence, the wave function of the intermediate states |457(8S7/2 Tem1) 5d
/2 Tem1) 5d (I'sI's I'gyz))
and J4f7( ".5'7/2 T'ev1)5d (1"51"5 Tsy3)) are given as

4f7 _1V5 T_ T\, VT s 71
[457(®S7/2 Te71) 5d (I'eI's I'sy2)) {\/ﬁ 5= 5) ¥ S11255

x{—'5d%—%,21>} | | (11)

|4£7(357)2 T'ov1) 5d (I's s Ts7s)) = {% 857/2%_g>+_‘/\/1=72__ 857/2;_;_>}

{’5(1%% 2—- 1>} (12)

Consider the spin—orbit coupling among the intermediate states, the operator can
be written as [11]:

and

7
Hso=Ct ) ln-sn+Cala-sa. (13)
n=1
The spm—orblt coupling acting on the d electron of the intermediate state
|47 8572 5d) is equal to zero. The remaining f-electron spin-orbit operators cou-
ple the core state 85 with SP. The corresponding matrix element is [22]:

AFESYIES b - saldf7(CPY) = G(-D)HH { 202 AN }

n=1

x /(2] + 1)(f +3)f(4f" S| VOV 417 °P). (14)
The reduced matrix element of the double tensor operator can be calculated by
using the tables of fractional parentage given in Ref. [23]. The spin—orbit matrix
element is then calculated to be equal to (¢v/14, where (¢ = 1696 cm~! [24]. The
wave function of the intermediate states with core 8P can be written as

|47 (8Pzj2 L31v50) 5d (s 1 Tava)) (15)

with J' = 6,7 and 8, s =6,! =5 and 3 and d = 6,7 and 8.
The initial state |4 f8(7F6 I')) and final state [4f8 (%D4 I'1)) can be trans-

formed similarly as in Eq. (6)

[4f3 (25+L; Tyyy)) = Z(JMJ |yy1)| 478 2541y T My). (16)
M;

For example,
|4f8 (Fs I'im)) = \/_| "Fe 60) — i---I Fe 64) — \/- | "Fe 6 — 4) (17)
Expanding the J M basis in terms of the SMs LMy, ba51s given

|4f825+1L; JM;) = Z (SMSLMLlJMJ)l4f8 25+, SMsLML). (18)
Ms, My
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Rewriting the |4f8 SMs LML) in terms of core state |4f7 S'Mg: L' M) and the
single f electron state |[4f* smysimy;), we have

|48 2541, ; SMs LML) = > (S'Msi3mys|SMs)
Mg, Mpi,mys,mp

x (L' My 3mp| LML) |Af7S' Mg L' Mp)|4f* ymys3myr). (19)
Finally, recoupling the core state in terms of JM basis given
|[4f7S' Mg/ L' ML) = (J'MJ:|S’]\45:L’ML/)|4f7 25+1LJI/J,MJI). (20)

Based on the above formalism, the representation of the initial and final states is
now expressed as a combination of core |4 s ILf,, J'M') states in the JM basis and
of |4f1 —;-m 7s3my) state in the sm, Im; basis. The values of the Clebsch-Gordan
coeflicients and the basis transformation coefficients are available in Refs. [19-21].
We pick the |4f3 7Fs 60) state in Eq. (17) as an example to show how it may be
transformed

. 1 1
—| s 60) = —=(30, 30]60)| F5 60) = —= 30, 30|60
575 To00) = 5530, 30000) F60) = 277 D (30,30060)

JuS’rmfF:_%l%

X <;M5:, %m,s 30> (00, 30/30) <;MSI,OOEMSI>

X ~4_)"785'7/2 %M51> \4fl -;—771f3,30>

5 71 11
= ——<{|4f7 85 —->4 1———,30>
2\/231{|f 1253 |f 273

. 1 1 11
- ‘4,”“’57,25 - §> .4]“ 55,30)}. (21)

The matrix element of rC! between the component (Fg 60| of the initial state
(4f8 ("F I''11)| and the intermediate states |4f7 (35772 Te1) 5d (I'eI's I's72)) and
|4£7 (857/2 I's71) 5d (I'sI's I's72)) are expressed as :

1 5
m@fs ("Fs 60)|rC 1457 (872 Ts71)5d (I'sI's Tsy2)) = ==

" 71 1 1 7 11
78 - 1. _ 2 - F78 R 1-.2
X {<4f 57/2 22‘ <4f ) 2,30‘ <4f 57/2 2 2] 4f 22,30

VB g 7 7> 11 VT |sa 71 1 1
5
=————(4f|r|5d !
2\/@3( £Ir|5d)(30 |C}| 21) (22)

and
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1 5
—= (413 ("F5 60)|rCAf7 (3573 T'sv1) 5d (FeT’s Tsva)) =
2\/- /2 1) ( 615 873)) 2 ,—231

{farsBf(ort bl (sl oo

}rC;
VB lso T > V7 71 11

x{ Y= |88 d= VT lsg  T1

{ = [S1r2 5 - |5 5502 1>+ = 5/222>|5d22,2 1>

=0. (23)

The final matrix element in Eq. (22) can be calculated by employing Wigner--
-Eckart theorem, since for the f — d transition,

(3mf1|qu1|2mdl) = (3||C||2)(3mpui|1¢2ma){f|r|d) /T (24)
and the d — f transition,
(2ma|rC;[3mp) = (2||C*||3)(2mar|1¢3mpi)(d|r| £)/ V5. (25)

The electric dipole transition matrix elements of 453 (FsI'n) — 4f7 (8572 I'zj2v1)2)
5d (I'ava) and 4f7 (OPrjq I'rjav7/2) 5d (Fava) — A3 (°Dy I1) and 48 (°D4 I'sy) are
tabulated in Tables II, III and IV respectively. Note that the matrix element of
the transition 4f8 (I'1) — 4f7 (I's) 5d (I's I'7) is equal to zero because I's x I'; does
not contain the I’y representation.

The energies of the intermediate levels 4f7 (8572 I's, I'7 and I's) 5d (F5)F3
and Iy and 47 (8S7/2 I's, I'y and I's)5d (I's)[s have been taken as 37000 cm™!
and 57000 cm™? respectively [15,17]. The energy levels due to the electrostatic in-
teractions between the crystal field levels of the core 4f7(®P7/;) and the 5d electron
would be expected to be much higher than the 4f shell and we could approximate
these energy levels to be degenerate. We substitute the calculated matrix elements
and the appropriate energies into Eq. (3) to estimate the two-photon transition
strength. The ratio, R, between the zz polarized two-photon transition strength
of Il — Iy and Il — I3 is estimated to be equal to 5.6 which is in agreement
with the experimental result.

3. Conclusions

We have shown here that the two-photon transition of "Fg(I'y) — (I'1) Dy
of Th3+ in the elpasolite lattice is allowed as a third-order perturbation. The
inconsistency between our direct calculation and the result in Ref. [13] is due to the
failure of the applicability of the Judd-Ofelt closure approximation. The closure
approximation does not only simplify the two-photon calculation but also sacrifices
the physical accuracy by changing the selection rule of the two-photon transition
from that of two electric dipole transitions to that of one electric quadrupole
transition.
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4f8( 7Fe. Fl) —_— 4f7(857/2 F7/277/2)5d(11d74).

TABLE II

4f3(Fe ) — Af7 (35772 L2j27772)5d(Lava)

M, z My

FI—’(FG)FSF7 0 Fl-—>(F6)F5F7 0 0
[‘1 i (Fs‘/z)Fst‘Yg -520 F1 — (Fs“/g)Pst“/g 450 450
F]_ e d (I‘s‘)’l)Fst‘)’:; 520 Fl — (F671)F5F8’)’1 -260 -260
F]_ — (Fg‘)’z)Fst’)'z -260 -260

Fl — (F671)F5F871 450 450

F]_ g (Fs’{z)Fst’)’g -637 Fl — (F672)F3F371 552 552
Fl — (F671)F3F3"/3 637 Fl — (F671)F3Fs72 -319 -319
Fl — (Fs’)’z)rsrs"/:; -319 319

I — (Teyi)Tslsva | 552 | 552

Fl — (F772)F5F771 215 Fl - (F7')’1)F5F7‘)’1 -215 -215
['1 — (I‘7‘)’1)F5F772 215 Fl — (F7‘)’2)F5F7‘72 215 -215
F1 — (F7‘)’1)P5Fg‘)’1 1675 Fl — (F772)F5F8‘)’3 -1451 | -1451
I‘l — (F7‘72)F5Fs‘y4 -1675 Fl bl (F771)F5F8’)’4 ~838 -838
Fl — (F7'}’2)F5F3‘)’1 -838 838

Fl - (F771)F5F872 -1451 1451

Ty — (') slsy1 | 560 | It — (I'rye) 3873 485 485
P1 g (F7’)’2)F3P874 560 Fl b d (F771)P3Fs“/4 280 280
) I— (F7‘)’2)F3F371 280 1 —280

Fl —_ (F771)F3Fs‘)’2 485 —485

Fl — (F871)F5F771 -249 Fl — (Fs74)F5P771 124 124
I‘l b d (F374)F5F7‘)’2 249 F1 — (P873)F5F772 215 215
Fl — (F372)F5F7")’1 215 -215

N — (Tsm) sy | 124 —124

Fl — (F874)F5F871 -176 Fl —_— (Fs'Ya)Fst‘yl 685 685
Fl d (F373)F5Fs72 1407 Fl g (Fs‘/g)[‘5[‘s’/2 220 220
F1 — (Fs'yz)Fst'ys 1407 Fl — (Fs')’l)rsrs’)‘:; 685 685
Fl s (Fs71)F5F8"/4 ~176 Fl o d (Ps74)F5F374 1011 1011
I — (Tsy)TsTem | -1011 | 1011

Fl s (Fs')’4)F5F372 ~685 685

Fl — (Fs‘)’s)[‘srs‘)’g -220 220

Fl g (Fs72)F5F374 —685 685

['1 g (Fs74)F3Fs‘)’1 -969 Fl i (F3‘7’3)F3Fs’)’1 187 187
Iy — (Tgys)3lsys | 538 | It — (Fsya)Islsy2 | 861 | —-861
Fl — (Fs'yz)Fng'/a -538 Fl g (F371)F3F873 187 187
Pl hand (Ps71)F3Fs‘)’4 -969 Fl i d (F374)P3F374 —-646 —646
I — (Fsm)Tslsm | 646 | —646

['1 - (F3‘74)F3Ps‘)’2 -187 187

Fl g (P873)P3Fs73 861 -861

Fl — (F872)F3F374 -187 187
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TABLE III

The non-vanishing transition matrix elements (M x 10™*(r}) of

4f"(°Prj2 Trj2v1y2)5d(Lava) — 4f° (°Da I).

4f"(°Prya Irjov)2)5d(Tava) — 4f5(PDa I1)

: M, | M,

Ue) 57— Iy 0| (l6)sI7— I 0 0
(Tev2) 58712 — 11 | 337 | (T672) 50s7s — I1 | 168 | 168
(e )Tslsys — I | =337 | (F'em1) s sya — I | =292 | —292
(Fsye)lsIsyr — I | -292 | 292

(F'em1)I5Ts72 — It | 168 | -168

(Fey2)l3lgys —» It | 412 | (Tey2)lslsys — 1| 206 | 206
(F'ey1)slsys — Iy | —412 | (Fsy1)3lsva — I | 357 | =357
(Feye)3lgyr — It | -357 | 357

(Fey1) 3 lsy2 — It | 206 | —206

(DFzv2)lslryy — It | 542 | (D) [57ys — I | 542 542
(Do) sy = Iy | 542 | (Iye) sy — I | ~542 | 542
(Feyi)slsyr — It | 602 | (Irye)lslsyy — 11 | =301 | =301
(Feye)sTsya — Iy | =602 | (I'ry1) 5 lgy2 — 1 | -522 | 522
(Try2) s Tsys — It | -522 | 522

(Pyy1 )5 sya — I | =301 | 301

(I‘771)F3F871 — I 67 (F7')’2)F3Fg71 — I} =341 -34
(Fpye)3lsya — It | =67 | (Fema ) 3lsy2 — I | —58 | -58
(Izya)3lgys — It | —58 58

(Fe)slsya— I | 34| 34

(Tsm1 ) s — It | 134 | (Isye) 57y — 11| 116 | 116
(Fsva)sye — I | 134 | (Fsm) sy — It 67 67
(Fsya)sIvyn — I 67| -67

(Fsya)svya — I | 116 | -116

(Tsya)ssm — It | -95 | (Ism)Islsy — In | 237 | 237
(Fs73)['5[‘3‘)’2 — Fl -285 (F874)F5Fs“/2 — F1 82 82
(Isy2)slgys — I | —285 (Fsys)sIsys — I | 142 | 142
(Fsy)slsva— It | -95 | (Tsye)slsva— In | 821 82
(Fsys)ssyn— It | 82| 82

(Fsy2)Tslsye — I | -142 [ 142

(Fsy ) slsys — 1IN | -82| 82

(Fsya)IsTsya — Iy | =237 | 237

(Ts7a)T3lsmy — I1 | 116 | (Fs1a)lalsy — I | =290 | -290
(Isvs)Islsys — It | 349 | (Fsya)[slsy2 — I1 | 101 | -101
(Fey2)3lsvs — I | 349 | (Isys)[3lsvs — In [ -174 | -174
(I'sy1)T3Tsva — Iy | 116 | (I'sy2)[3sya — I1 | 101 | -101
(I'sva)[3lem — I | 101} -101

(Fsy2)slsy2 — It | 174 | -174

(Fsm)I3lsys — It | 101 | -101

(Fsya)T3lsya — I | 290 | -290

177
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_ TABLE IV
The non-vanishing transition matrix elements (M x 10~*(r}) of
4f"(°Pry2 Irp27v22)5d(Lava) — 4f8(5D4 I3).

A4F7(Prj2 I'ry2ye/2)5d(Lava) — 4F°(*Da I37)
z z M,
(Te72) 57 — I372 | 184 | (Jem )5l — Ism | 116 116
(Fs71)T5Iy2 — Taye | 134 | (Fev2) 572 — I'sy2 | —67| —67
(Tev1)I'sI'ryy — Iare 67| -67
(Fey2) 5772 — I'sy1 | —116 116
(Tsm )5y — I'sy2 | =95 | (Ts72) {513 — I372 | -237 | —237
(Fev2)sTsy2 — sy | 285 | (Fem ) sls72 — I's72 82 892
(F671)F5F873 - F371 -285 (F672)I15F8’)’3 — F371 -142 -142
(P672)F5F874 d F3')’2 95 (Fs'yl)l"sl“874 — F371 82 82
(Feya) 53y — I3 | 82 -82
(Feyi)TsTsy2 — sy | -142| 142
(Fey2)lslsys — Iay2 | 82| 82
(Fev1)slgys — I'sya | =237 237
(Tem1)Islsm1 — I3v2 | 116 | (Ie72)I3ls1 — Isy2 | 290 290
(Fev2)I3lsv2 — I'smy | =349 | (Fem)Tslsy2 — 372 | -101 | -101
(F671)F3F873 nd F3‘)'1 349 (FG‘YQ)F;;FS')’;; — F371 174 174
(Iey2)3sya — I'sy2 | —116 | (I'ey1) 3874 — 371 | -101 | -101
(Fey2)[3lgy1 — I'sm | -101 101
(Fem1)Islsys — Iam | 174 | -174
(Tev2)I3lsys — I'sy2 | -101] 101
(Fev1 ) 3sya — I'sya | 290 | —290
(Tov) 5771 — Tam | 170 | (Do) 5177 — Tay2 | -147 | —147
(Pey1 ) s 7y2 — Iayy | 170 | (Feye)sl7y2 — I'sya | -85 -85
(Feq)sI — Ism 85 -85
(Fy2) 5 ye — Taya | 147 -147
() s Tsy — sy | —120 | (T7y2)[51sm — 1371 | 366 | 366
(Pey2)IsTgy2 — Isy2 | 528 | (Iry)IsTsve — I'sma | —281 | —281
(Fy1)Tslsys — I'sya | 528 | (I7ye)[sIsys — I3y2 | 42| —42
(Fry2)IsTsya — sy | 120 | (Do) Fslsva — Iav2 | 2811 281
(Frye)TsTsm — Isya | 281 -281
(F771)F5F8‘)’2 — F3’72 -42 42
(F7y2)sIsvs — I'sy1 | —281 281
(I7y1 ) 5lsya — I3y | 366 | —366
(Try1)Tslsm1 — Tsm1 | —397 | (Try2)Islsyr — Isma [ -176 | -176
(I'2y2) 3572 — Iaye | =102 | (Ieyi)T3lsye — I3y | -128 | 128
- (D) sleys — Isya | 102 | (Iry2)3lsys — I3y2 | 323 | 323
(Pry2)T3lsya — Iavr | 397 | (Feya)3lsya — I'sy2 | 128 128
' ‘ (Try2)lslsyy — I3y2 | 128 -128
(Feyi)T3Tgye — I'syo | 323 | -323
(F7v2)3lsys — I'sm | -128 128
(F7y1) I 3lsva — 31y | -176 | 176



Fo(Ig) — (I'ig) D4 “Two-Photon Transition of TH+ ...

TABLE IV (cont.)

Af(°Pzy2 Tryavzy2)5d(Lava) — 4£°(°Da I'37)

M, ' M, | M,
(Fsy1) sy — Iy | =23 | (Lsy2) 57 — I371 | -314 | =314
(Fsv3) sy — Tave | =703 | (Fsya) 51 — I'sy2 | 314 314
(Fsv2)sIy2 — I3ya | 703 | (Fsy1)lsI7y2 — I'ay1 | 522 5929
(Tsva)sTry2 — I3m 23 | (Isys) s 7y2 — Isye | —159 | 159
(Fey2) 571 — I'sye | —159 | 159
(Isva) sy — I'syy | 522 | =522
(Fsy1)sTrye — I'sya | 314 | =314
(Fsya)sI7y2 — I3y | 314} 314
(Tsv2)[5Isyr — Iaye | 497 | (Ism1)I5lsm — I3y | -104 | 104
(Fsya) s — sy | —16 | (Dsys) 5 Tem1 — I3y | —345 | -345
(Fsy1)Ts 872 — Tav2 | 337 | (Dsy2) 50572 — I's72 | —69| 69
(FS73)F5FS')’2 — I'sy; | —433 (FS’)’4)F5FS‘)’2 — I'sm —486 | —486
(Fsy2)slsys — sy | 433 | (s )[slsys — I372 | 72 T2
(FS74)F5F873 — I'37y2 337 (Ps')’;;)[‘srs’ys — I'sm -120 | -120
(Tg71)sTsva — T3y | =16 | (Tsv2) s lsva — I'sy | 236 | 236
(F873)P5PS74 b Ps’Yz -497 (Ps’)’,l)l"\r,lwg’y‘l — F372 -319 | -319
(F'sm1)IsIsyy — I'sy2 | 319 | 319
(I'gvs)sTsm1 — sy | —236 | 236
(Igy2)TsTsy2 — sy | 120 | =120
(Isya)sIsya — I3y2 | -T2 72
(F'sv1) s lsys — sy | 486 | —486
(I'sy3)sI'sys — Is372 69| —69
(Fsv2) s Tsva — sy | 345 | -345
(Isya)T5Tsya — sy | 104 | -104
(Tsv2)T3ls7 — Isve | 98 | (Tsm)[slsm — I'sm | =226 | 226
(Tsya)T3lsm — sy | —687 | (Isya) 3011 — I372 | 69 69
(Fsy1)3Tsye — sy | 177 | (Dsy2)[3ls72 — Tsvye | =627 | —527
(Fsya)lslsys — Isyr | —295 | (Isya) 3072 — s | 17 17
(Fsya)Talsvs — Isy1 | -295 | (Fsy1) 3Ty — I'sy2 | 206 | 206
(Fsya)T3lsys — Isy2 | 177 | (Isys) 31573 — sy | =265 -265
(F'sy1)T3lsva — I'syr | 687 | (Isy2){3l87a — I3y | 221 291 -
(Tsvs)Talsya — Isv2 | -98 | (Fsya)l3ls7a — I'sy2 | —323 | -323
(Fsy1)3Ts1n — T3y2 | 323 | 323
(Fgys)3s11 — I3 | 221 221
(I'sy2)I3Tsy2 — I'sy1 | 265 | —265
(I'sya) T3 lsv2 — Isy2 | —206 | 206
(F'sy1)I3lsvs — I'sm 17| -17
(I'sys)slsys — I3y2 | 527 | -527
(Isy2)[3Tsya — I'sya | 69| 69 -
(I'sya)TsTsys — I'syy | 226 | —226
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